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A Semisynthetic Glutathione Peroxidase
with High Catalytic Efficiency:
Selenoglutathione Transferase
active residue. GPX catalyzes the reduction of hydroper-
oxide by glutathione (GSH) and thereby protects cells
against oxidative damage. The enzyme has been well
studied, but some uncertainties remain with respect to
its reaction mechanism [1, 2]. Because GPX is a scaven-
Xiaojun Ren,1,2 Per Jemth,3 Philip G. Board,5
Guimin Luo,2,6 Bengt Mannervik,4 Junqiu Liu,1
Kun Zhang,2 and Jiacong Shen1
1Key Laboratory for Supramolecular Structure and
Materials of Ministry of Education
2 Key Laboratory of Molecular Enzymology and ger of reactive peroxides in aerobic organisms, consid-
erable efforts have been made to find compounds thatEngineering of Ministry of Education
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if a monoclonal antibody with a GSH substrate binding
site were generated and then a catalytically active SecSummary
were incorporated into the antibody’s binding site by
chemical mutation. So far, engineering existing enzymesGlutathione peroxidase (GPX) protects cells against
by chemical or genetic means [4, 5] has resulted inoxidative damage by catalyzing the reduction of hydro-
the semisynthetic enzyme selenosubtilisin, studied byperoxides by glutathione (GSH). GPX therefore has
Hilvert and colleagues, that exhibits GPX-like propertiespotential therapeutic value as an antioxidant, but its
[6] and a mutant version of glyceraldehyde-3-phosphtepharmacological development has been limited be-
dehydrogenase that mimicked GPX activity when a Cyscause GPX uses a selenocysteine as its catalytic group
residue was replaced with selenocysteine [7]. However,and it is difficult to generate selenium-containing pro-
because there are no GSH-specific binding sites in theteins with traditional recombinant DNA technology.
active sites of these two enzymes, their mechanism ofHere, we show that naturally occurring proteins can
action of decomposing hydroperoxides involves aryl thi-be modified to generate GPX activity. The rat theta-
ols as reductants instead of GSH.class glutathione transferase T2-2 (rGST T2-2) pre-
Chemical methods provide a means for introducingsents an ideal scaffold for the design of a novel GPX
into enzymes diverse functions that do not occur natu-catalyst because it already binds GSH and contains a
rally and cannot be easily incorporated by genetic engi-serine close to the substrate binding site, which can
neering. However, although many new enzymes havebe chemically modified to bind selenium. The modified
been generated via covalent modification of naturallySe-rGST T2-2 efficiently catalyzes the reduction of hy-
occurring enzymes [8, 9], it appears to be difficult todrogen peroxide, and the GPX activity surpasses the
obtain highly efficient semisynthetic enzymes. There areactivities of some natural GPXs.
two principal phenomena that underlie the activity of
enzymes: substrate binding and the subsequent reac-
Introduction tion. In the active site of an enzyme, the bound substrate
and the enzyme catalytic groups are positioned for effi-
Enzyme engineering has proven to be an invaluable tool cient catalysis. Thus, for the creation of an efficient artifi-
for elucidating enzyme reaction mechanisms as well as cial enzyme, the affinity for the transition state of the
for producing enzymes for industrial purposes. How- enzyme-substrate complex must be reasonably high,
ever, it is extremely difficult to produce selenium-con- and the catalytic groups should be juxtaposed to the
taining proteins by these methods, and it is especially reactive group of the substrate. On the basis of this
challenging to generate selenocysteine (Sec)-depen- principle, we set out to imitate the action of GPX by
dent enzymes in vitro. chemically modifying a naturally occurring glutathione
Glutathione peroxidase (GPX, EC.1.11.1.9) is a sele- transferase (GST, EC.2.5.1.18).
nium-containing enzyme in which Sec is the catalytically GSTs are a family of enzymes involved in cellular de-
toxification [10]. GSTs occur in most species and are
divided into different classes based on sequence simi-6 Correspondence: gmluo@mail.jlu.edu.cn
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plays high catalytic activity toward H2O2 and hence justi-
fies our approach to generating efficient biocatalysts.
Results and Discussion
Preparation of Selenium-Containing Proteins
The serine residues of the proteins studied were acti-
vated with phenylmethanesulfonyl fluoride (PMSF) to
produce a sulfonylester of the serine hydroxyl group,
then the sulfonate was replaced with hydrogen selenide
to generate selenoproteins (Figure 3; [6]). To ensure the
complete sulfonylation of the serines, we set the molar
ratio between PMSF and protein at 50:1 and allowed
the sulfonylation to proceed for 3 hr. To counteract the
probable oxidation of hydrogen selenide by air, we used
an amount of sodium hydrogen selenide that was inFigure 1. The Structure of Some Small GPX Mimics
great excess over that of the sulfonate present. Carrying
out the displacement reaction at 35C rather than 40C
minimized the denaturation of the proteins. Wild-typelarity [11]. For the theta-class of GSTs, catalysis is de-
and mutant rGST T2-2, egg albumin (OVA), and bovinependent on the presence of a conserved serine residue
serum albumin (BSA) were thus converted into selenium-in the N-terminal region [12, 13]. The thiolate form of
containing proteins via this method. After purification,GSH is activated when the formation of a hydrogen bond
the yield of all selenium-containing proteins was aboutbetween the hydroxyl group of this serine and the depro-
30%-40%.tonated sulfhydryl group facilitates catalysis [14]. Sev-
eral GSTs, including those of the theta class, act as
selenium-independent GPX that catalyze reduction of Selenium Content of Selenium-Containing Proteins
The selenium content of the proteins was determinedorganic hydroperoxides but do not catalyze reduction
of hydrogen peroxide (H2O2) [15–17]. Thus, theta-class by anaerobic reduction of the samples with sodium bor-
ohydride and subsequent titration with 5,5-dithiobis(2-GSTs appear to be excellent protein scaffolds for graft-
ing GPX activity by engineering the N-terminal serine nitrobenzoic acid). The selenium contents of Se-OVA,
Se-BSA, Se-rGST T2-2, and Se-GST (S11A mutant) wereinto selenocysteine.
Here, we report that the rat theta-class glutathione determined to be 5.6, 5.2, 4.1, and 2.9 equivalents of
selenium per mol of enzyme subunit, respectively. Thetransferase T2-2 (rGST T2-2) was converted into a sele-
nium-containing enzyme (Se-rGST T2-2) by chemical selenium 3D electron signals determined by X-ray pho-
toelectron spectroscopy of selenoproteins were essen-mutation. This novel selenium-dependent enzyme dis-
Figure 2. The Protocol of Production of Sele-
nium-Containing Catalytic Antibody with GPX
Activity
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Figure 3. The Serine Residues of the Proteins Studied Were Activated with Phenylmethanesulfonyl Fluoride to Produce a Sulfonylester of the
Serine Hydroxyl Group
The sulfonate was then replaced with hydrogen selenide to generate selenoproteins.
tially identical and emerged in the 55.3  0.4 eV region The chemical modification does not allow specific
targeting of amino acid residues in the active site; there-assigned to the selenium of seleninic acid, suggesting
that the selenium in the selenoproteins was bonded to fore, other hydroxyl groups in the proteins could be
modified to selenols (SeH), which could contribute tooxygen.
GPX activity. However, these contributions are small as
judged by the activities of Se-OVA and Se-BSA, in whichThe GPX Activity of Se-rGST T2-2
The GPX and GST activities of Se-rGST T2-2 and other no GSH binding sites are present. Se-GST (S11A mutant)
and Se-4A4 have GSH binding sites, and indeed theycatalysts are listed in Table 1. The GPX activity of Se-
rGST T2-2 for the reduction of H2O2 by GSH was found display higher GPX activities than Se-OVA and Se-BSA,
but still the GPX activities are much less than that ofto be 102mol·min1·mg1, indicating that Se-rGST T2-2
displays a significantly higher GPX activity than Se-OVA, Se-rGST T2-2. Importantly, the much higher GPX activity
of Se-rGST T2-2 as compared to Se-GST (S11A mutant),Se-BSA, Se-GST (S11A mutant), and Se-4A4 [26]. The
GPX activity of Se-rGST T2-2 is also higher than that in which Ser-11 of wild-type rGST T2-2 had been re-
placed with alanine by site-directed mutagenesis [14]of rabbit liver GPX [18], bovine liver GPX [19], human
hepatoma HepG 2 cell giGPX [19], and human plasma before the chemical modification, strongly suggests that
most GPX activity of Se-rGST T2-2 is due to a SecpGPX [20]. To gauge the catalytic efficiency of Se-rGST
T2-2, we compared the Se-rGST T2-2 with the model residue at position 11. This makes sense because the
GSH thiol is within hydrogen bonding distance of Ser-compound ebselen, a well-studied GPX mimic [3–5]. At
37.0C and pH 7.0, the initial rate of the reduction of 11 in wild-type rGST T2-2 based on structural homology
with human GST T2-2 [21]. The difference in seleniumH2O2 (0.5 mM) by GSH (1 mM) in the presence of 0.02
mol Se-rGST T2-2 is 2.2 104 M·min1, but under the content, approximately one per subunit, between Se-
rGST T2-2 and Se-GST (S11A mutant) further corrobo-same conditions when 2 mol ebselen was used as
the catalyst, the initial rate is only 4.1 106 M·min1. rates that it is the ideally positioned Sec-11 that pro-
motes the high GPX activity (Table 1). On the other hand,Assuming that the rate has a first-order dependence on
GSH or H2O2 concentration, we used the background in Se-GST (S11A mutant) and Se-4A4, the Sec residues
are not in favorable positions with regard to the sulfhy-rate, determined to be 3.12 107 M·min1, to calculate
the rate constant for the uncatalyzed reaction (kuncat  dryl group of GSH. Also, although the selenium contents
of Se-OVA and Se-BSA are higher than that of Se-rGST0.62 M1·min1). These data indicate that Se-rGST T2-2
is at least 5000-fold more efficient than ebselen. T2-2, the GPX activities of the former are much lower
Table 1. The GPX and GST Activities of Se-rGST T2-2 and Other Catalysts
Substrate Activitya Selenium
Catalyst Substrate Concentration (mM) (mol min1 · mg1) (eq/mol of subunit)
Se-4A4 H2O2 0.50 6.9b 5.0
Se-OVA H2O2 0.50 1.6 (0.2) 5.6
Se-BSA H2O2 0.50 0.42 (0.03) 5.2
Se-GST (S11A mutant) H2O2 0.50 3.2 (0.2) 2.9
Se-rGST T2-2 CDNB 0.50 NDc 4.1
MS 0.075 NDc 4.1
H2O2 0.50 102 (2) 4.1
CuOOH 1.50 23 (3) 4.1
WT rGST T2-2 CDNB 0.50 0.9 (0.1) 0
MS 0.075 4.0 (0.2) 0
H2O2 0.50 NDc 0
CuOOH 1.50 2.1 (0.2) 0
Ebselen H2O2 0.50 3.61 1.0
GPX (erythrocytes) H2O2 – 100 4.0d
a All values are the means of at least five determinations, and the standard deviations are shown in parentheses.
b From references [26, 35].
c No detectable GPX or GST activity.
d From reference [15].
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Figure 5. The Catalytic Mechanism of Native GPX
This figure was derived from [1].
tration of one substrate was varied while the other was
held fixed. Under all conditions investigated, Michaelis-
Menten kinetics was observed for H2O2 at fixed GSH
Figure 4. Double-Reciprocal Plots for the Reduction of H2O2 by GSH concentrations. Double reciprocal plots of the initial ve-
The reaction was catalyzed by Se-rGST T2-2 in 50 mM potassium locity versus the concentration of the substrates yielded
phosphate buffer (pH 7.0) at 37.0C. The initial rates were measured
a family of parallel lines (Figure 4), indicating a ping-pongat 1.0 mM (squares), 2.0 mM (circles), and 3.0 mM (triangles) GSH,
mechanism with at least one covalent intermediate. Torespectively, by enzyme-coupled assay [34].
further investigate if the catalytic mechanism of Se-rGST
T2-2 is similar to that of native GPX (Figure 5) [1], we
treated the enzyme with excess iodoacetate in the pres-than those of the latter, which again demonstrates that
improperly positioned selenium atoms contribute little ence of GSH and found complete loss of GPX activity;
this finding indicates that enzyme bound selenol is pres-to the GPX activity.
The GPX activity of Se-rGST T2-2 was assayed in the ent in the catalytic cycle. Hence, the catalytic mecha-
nism of Se-rGST T2-2 may be similar to that of nativeabsence of GSH, and the fact that no GPX activity was
observed shows that contaminants from the reagents GPX, but further characterization of the intermediates
and the molecular mechanism is needed to fully estab-in the modification of the protein were not responsible
for the GPX activity. lish this.
The kinetic constants for Se-rGST T2-2 further empha-
size the high catalytic efficiency of this semisyntheticSteady-State Kinetics and Catalytic Mechanism
of Se-rGST T2-2 enzyme (Table 2). For example, the first-order rate con-
stant kcat(H2O2) and the apparent Michaelis constantAs shown in Table 1, unmodified wild-type rGST T2-2
acts as a selenium-independent GPX by catalyzing de- Km(H2O2) at 1 mM GSH were determined to be 2.0 104
min1 and 1.1  104 M, respectively, and kcat/Km(H2O2),composition of CuOOH with a specific activity of 2.1 
0.2 mol min1·mg1. However, the enzyme does not the second-order rate constant for the reaction between
the free enzyme and substrate, was determined to bereduce H2O2. After chemical modification of rGST T2-2,
the resulting Se-rGST T2-2 has no GST activity when 1.8  108 M1·min1. At 1 mM of GSH, the bimolecular
rate constant for the reaction between Se-4A4 and H2O2CDNB and MS are used as substrates. However, with
CuOOH as a substrate, the GPX activity was increased is only 4.5  103 M1·min1 [23]. Thus, the catalytic effi-
ciency of Se-rGST T2-2 is almost five orders of magni-by an order of magnitude in comparison with unmodified
rGST T2-2 [22]. This indicates that the catalytic process tude higher than that of Se-4A4 [26]. The second-order
rate constant for the reaction of Se-rGST T2-2 with H2O2by which Se-rGST T2-2 catalyzes the decomposition of
organic peroxides differs from that of the unmodified was also higher than that for native GPX; for instance,
the kcat/Km(H2O2) value of phospholipid hydroperoxiderGST T2-2.
The initial velocities for H2O2 reduction catalyzed by glutathione peroxidase from Schistosoma mansoni was
only 2.7  107 M1·min1 [24].Se-rGST T2-2 were determined as a function of sub-
strate concentration at 37.0C and pH 7.0; the concen- In summary, this is the first example in which a semi-
Table 2. Kinetic Parameters for the GPX Activity of Se-rGST T2-2a/b
[GSH] (mM) kcat(min1) Km(H2O2) (104 M) kcat/Km(H2O2) (M1 min1)
1 20,000  200 1.1  0.2 (1.8  0.23)  108
2 27,000  320 1.5  0.3 (1.8  0.17)  108
3 33,000  180 1.8  0.2 (1.8  0.12)  108
a Reactions for H2O2 were carried out in 50 mM potassium phosphate buffer (pH 7.0).
The data in the table were obtained from the plots in Figure 4.
b The relevant steady-state rate equation is:
v0
[E]o

kcat [GSH][H2O2]
KGSH [H2O2]  KH2O2 [GSH]  [H2O2][GSH]
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Determination of the Selenium Content of Selenoproteinssynthetic selenium-containing enzyme has been shown
The selenium content of the selenoprotein was determined by titra-to catalyze the reduction of H2O2 by GSH with higher
tion of the sodium borohydride-reduced protein with 5,5-dithiobiscatalytic efficiency than some native GPX, and this is
(nitrobenzoic acid) as described [29]. Selenium 3d (3/2, 5/2) electron
probably due to the specific GSH binding site and the signals were studied by X-ray photoelectron spectroscopy with Alka
adjacent serine residue utilized. Thus, we have suc- as a target [30].
ceeded in applying a general and simple principle for
the preparation of highly efficient GPX enzyme. We be-
Determination of GST and GPX Activitylieve that using the same approach on additional protein
The specific activity of GST toward 1-chloro-2,4-dinitrobenzene
scaffolds could allow the generation of other efficient (CDNB) was measured as described by Habig and Jakoby [31]. The
semisynthetic enzymes. reaction was carried out in 50 mM sodium phosphate solution (pH
6.5) containing 1 mM EDTA, 0.5 mM CDNB, and 1.0 mM GSH. The
GST activity toward CuOOH was determined in 50 mM sodium phos-
phate (pH 7.0) containing 1 mM EDTA, 1.0 mM GSH, and 1.5 mMSignificance
CuOOH [32]. The GST activity toward MS was measured in 50 mM
sodium phosphate (pH 7.5) containing 1 mM EDTA, 0.075 mM MS,Previous attempts at generating semisynthetic sele-
and 10 mM GSH [33].
noenzymes with peroxidase activity have not been The GPX activity was assayed with the coupled assay described
able to match the catalytic efficiencies of naturally by Wilson et al. [34]. The glutathione disulfide (GSSG) that formed
evolved GPX, presumably because they do not incor- in the first step was reduced to GSH by NADPH in a reaction cata-
lyzed by GSSG reductase. After GSSG formation, NADH consump-porate any specificity for the reducing equivalents of
tion caused the absorbance to decrease at 340 nm. At the NADPHthe donor. In this study, we have taken advantage of
concentration used, the coupled reaction was a zero-order reactionthe highly specific GSH binding site of a GST scaffold
with respect to NADPH, and the oxidation of GSH was the rate-
in order to achieve both high thiol selectivity and high limiting step. The amount of GSH in the reaction was thus kept
catalytic efficiency. The enzyme design involved the constant (Equations 1 and 2).
incorporation of selenium in juxtaposition to the elec-
tron-donating sulfur of active site bound GSH. The 2GSH  ROOH Enzyme ➤GSSG  ROH  H2O
general principle of combining a functional group in-
R  H, t  butyl, cumenyl
volved in catalysis with a specific binding site for the
GSSG  NADPH  H
GSSG reductase ➤2GSH  NADPsubstrate is an approach that could be applied to the
generation of other efficient semisynthetic biocata-
The reaction was carried out at 37C in 500 l of 50 mM potassiumlysts. The success in converting GST to GPX will give
phosphate buffer (pH 7.0) containing 1 mM EDTA, 1 mM sodiumus the opportunity to pursue detailed study, to search
azide, 1 mM GSH, 1 unit of GSSG reductase, and 10–50 nM of
for a better enzyme model by chemically or genetically enzyme. The mixture was preincubated for 7 min. Then 0.25 mM
modifying naturally occurring proteins, and to under- NADPH solution was added, and the mixture was incubated for 3
stand the catalytic mechanism of enzymes and en- min at 37C. Thereafter, the reaction was initiated by the addition
of 0.5 mM H2O2. The activity was determined from the decrease ofzyme-like catalysts.
NADPH absorption at 340 nm. Appropriate control of the nonenzy-
matic reaction was performed and subtracted from the catalyzed
Experimental Procedures reaction. The activity unit is defined as the amount of the enzyme
that catalyzes the turnover of 1mol of NADPH per min. The specific
Materials activity is expressed in mol·min1·mg1.
Reduced glutathione (GSH) was obtained from Aldrich. Glutathione
disulfide (GSSG) was obtained from Roche. Glutathione reductase
(type III baker’s yeast), reduced nicotinamide adenine dinucleotide Steady-State Kinetics of Se-rGST T2-2
The assay of kinetics of Se-rGST T2-2 for the reduction of H2O2 byphosphate (NADPH), cumene hydroperoxide (CuOOH), and phenyl-
methanesulfonyl fluoride (PMSF) were obtained from Sigma. Hydro- GSH was similar to that of Se-4A4 [35]. The initial rates were mea-
sured by observing the decrease of NADPH absorption at 340 nmgen peroxide (H2O2) and tert-butyl hydroperoxide (t-BuOOH) were
obtained from Beijing Chemical Factory, China. All the other re- at several concentrations of one substrate while the concentration
of the second substrate was kept constant. All kinetic experimentsagents were of analytic grade. The concentrations of hydroperox-
ides were determined by an iodometric method [25]. 1-menaphthyl were performed in a total volume of 0.5 ml containing 50 mM potas-
sium phosphate buffer (pH 7.0), 1 mM EDTA, 1 unit of GSSG reduc-sulphate (MS) was a gift from Dr. Brian Gillham. The wild-type rGST
T2-2 and the S11A mutant of rGST T2-2 were heterologously ex- tase, 0.25 mM NADPH, and varying concentrations of GSH, H2O2,
and Se-rGST T2-2. The enzyme was preincubated with GSH,pressed in E. coli and purified as described previously [14, 22].
The catalytic antibody Se-4A4 with substrate GSH binding site was NADPH, and GSSG reductase. The reaction was then initiated by
the addition of H2O2. Subtraction of the nonenzymatic reaction rategenerated with a substrate analog as a hapten. Incorporation of
catalytic selenocysteine residues into the substrate binding site gave the rate of the enzyme-catalyzed reaction.
followed [23, 26].
Acknowledgments
Preparation of Se-rGST T2-2
rGST T2-2 (2 mg) was dissolved in 50 mM PIPES and 10 mM CaCl2 We are grateful to the Major State Basic Research Development
(pH 7.0) and was allowed to react at 25C for 3 hr with 1 mg of Program (Grant number G2000078102), to The Ministry of Science
PMSF dissolved in acetonitrile. The resulting solution was mixed and Technology of China (Grant number 2001AA215351), and to the
with 200 l of 1 M sodium hydrogen selenide solution prepared as Swedish Research Council for financial support.
described previously [27] and was then incubated at 35C for 48 hr
under pure nitrogen. The Se-rGST T2-2 was purified according to
the procedure of Bell [28]. According to the above procedure, egg Received: March 11, 2002
Revised: May 9, 2002albumin (OVA) and bovine serum albumin (BSA) were also converted
into selenium-containing proteins. Accepted: May 13, 2002
Chemistry & Biology
794
References rat class theta glutathione transferase T2-2. Biochem. J. 316,
131–136.
23. Zhu, Z.-Q., Ding, L., Luo, G.-M., Liu, Z., Sun, Q.-A., Yang, T.-S.,1. Flohe´, L. (1989). The selenoprotein glutathione peroxidase. In
Coenzymes and Cofactors, Vol. 3, G. Dolphin, R. Poulson, and and Shen, J.-C. (1994). Some physicochemical and enzymic
properties of selenium-containing abzyme. Biochem. Biophys.O. Avramovic, eds. (New York: John Wiley & Sons), pp 644–731.
2. Ursini, F., Maiorino, M., Brigelius-Flohe, R., Aumann, K.D., Ro- Res. Commun. 202, 1645–1650.
24. Maiorino, M., Roche, C., Kiess, M., Koenig, K., Gawlik, D., Mat-veri, A., Schomburg, D., and Flohe´, L. (1995). Diversity of gluta-
thione peroxidases. Methods Enzymol. 252, 38–53. thes, M., Naldini, E., Pierce, R., and Flohe´, L. (1996). A selenium-
containing phospholipid-hydroperoxide glutathione peroxidsae3. Mugesh, G., and Singh, H.B. (2000). Synthetic organoselenium
compounds as antioxidants: glutathione peroxidase activity. in Schistosoma mansoni. Eur. J. Biochem. 238, 838–844.
25. Kolthoff, I.M., and Medalia, A.I. (1949). The reaction betweenChem. Soc. Rev. 29, 347–357.
4. Mugesh, G., and Du Mont, W.W. (2001). Structure-activity corre- ferrous and peroxides. III. Reaction with cumens hydroperoxide
in aqueous solution. J. Am. Chem. Soc. 71, 3789–3792.lation between natural glutathione peroxidase and mimics: a
biomimetic concept for the design and synthesis of more effi- 26. Luo, G.-M., Zhu, Z.-Q., Ding, L., Gao, G., Sun, Q.-A., Liu, Z.,
cient GPX mimics. Chem. Eur. J. 7, 1365–1370. Yang, T.-S., and Shen, J.-C. (1994). Generation of selenium-
5. Mugesh, G., Du Mont, W.W., and Sies, H. (2001). Chemistry of containing abzyme by using chemical mutation. Biochem. Bio-
biologically important synthetic organoselenium compounds. phys. Res. Commun. 198, 1240–1247.
Chem. Rev. 101, 2125–2179. 27. Klayman, D.L., and Griffin, T.S. (1973). Reaction of selenium
6. Wu, Z.P., and Hilvert, D. (1990). Selenosubtilisin as a glutathione with sodium borohydride in protic solvents. A facile method
peroxidase mimic. J. Am. Chem. Soc. 112, 5647–5648. for the introduction of selenium into organic molecules. J. Am.
7. Boschi-Muller, S., Muller, S., Dorsselaer, A.V., Bock, A., and Chem. Soc. 95, 197–199.
Branlant, G. (1998). Substituting selenocysteine for active site 28. Bell, I.M., Fisher, M.L., Wu, Z.-P., and Hilvert, D. (1993). Kinetic
cysteine 149 of phosphorylating glycealdehyde 3-phosphate studies on the peroxidase activity of selenosubtilisin. Biochem-
dehydrogenase reveals a peroxidase activity. FEBS Lett. 439, istry 32, 13969–13973.
241–245. 29. Cavallini, D., Graziani, M.T., and Dupr, S. (1966). Determination
8. Kaiser, E.T., and Lawrence, D.S. (1984). Chemical mutation of of disulphide groups in proteins. Nature 212, 294–295.
enzyme active sites. Science 226, 505–511. 30. Chiu, D., Tappel, A.L., and Millard, M.M. (1977). Improved proce-
9. Qi, D., Tann, C.-M., Haring, D., and Distefano, M. (2001). Genera- dure for X-ray photoelectron spectroscopy of selenium-glutathi-
tion of new enzyme via covalent modification of existing pro- one peroxidase and application to the rat liver enzyme. Arch.
teins. Chem. Rev. 101, 3081–3111. Biochem. Biophys. 184, 209–214.
10. Armstrong, R.N. (1997). Structure, catalytic mechanism, and 31. Habig, W.H., and Jakoby, W.B. (1981). Assays for differentiation
evolution of the glutathione transferases. Chem. Res. Toxicol. of glutathione S-transferases. Methods Enzymol. 77, 398–405.
10, 2–18. 32. Lawrence, R.A., and Burk, R.F. (1976). Glutathione peroxidase
11. Mannervik, B., A˚lin, P., Guthenberg, C., Jensson, H., Tahir, M.K., activity in selenium-deficient rat liver. Biochem. Biophys. Res.
Warholm, M., and Jo¨rnvall, H. (1985). Identification of three Commun. 71, 952–958.
classes of cytosolic glutathione transferase common to several 33. Gillham, B. (1971). The reaction of aralkyl sulphate esters with
mammalian species: correlation between structural data and glutathione catalysed by rat liver preparations. Biochem. J. 121,
enzymatic properties. Proc. Natl. Acad. Sci. USA 82, 7202–7206. 667–672.
12. Board, P.G., Coggan, M., and Parker, M.W. (1995). Evidence for 34. Wilson, S.R., Zucker, P.A., Huang, R.R.C., and Spector, A.
an essential serine residue in the active site of the theta class (1989). Development of synthetic compounds with glutathione
glutathione transferases. Biochem. J. 311, 247–250. peroxidase activity. J. Am. Chem. Soc. 111, 5936–5939.
13. Tan, K.-L., Chelvanayagam, G., Parker, M.W., and Board, P.G. 35. Ding, L., Liu, Z., Zhu, Z.Q., Luo, G.M., Zhao, D.Q., and Ni, J.Z.
(1996). Mutagenesis of the active site of the human theta-class (1998). Biochemical characterization of selenium-containing ca-
glutathione transferase GSTT2-2: catalysis with different sub- talytic antibody as cytosolic glutathione peroxidase mimic. Bio-
strates involves different residues. Biochem. J. 319, 315–321. chem. J. 332, 251–255.
14. Jemth, P., and Mannervik, B. (2000). Active site serine promotes
stabilization of the reactive glutathione thiolate in rat glutathione
transferase T2-2. Evidence against the proposed sulfatase ac-
tivity of the corresponding human enzyme. J. Biol. Chem. 275,
8618–8624.
15. Mannervik, B. (1985). Glutathione peroxidase. Methods Enzy-
mol. 113, 490–495.
16. Jakoby, W.B. (1985). Glutathione transferases: an overview.
Methods Enzymol. 113, 495–499.
17. Tan, K.-L., and Board, P.G. (1996). Purification and characteriza-
tion of a recombinant human theta-class glutathione transferase
(GSTT2-2). Biochem. J. 315, 727–732.
18. Ma, W.C., Luo, G.M., and Yang, T.S. (1993). Purification of gluta-
thione peroxidase from rabbit liver by using affinity chromatog-
raphy. Chin. Biochem. J. 9, 234–236.
19. Chu, F.F., Doroshow, J.H., and Esworthy, R.S. (1993). Expres-
sion, characterization, and tissue distribution of a new cellular
selenium-dependent glutathione peroxidase, GSHPx-GI. J. Biol.
Chem. 268, 2571–2576.
20. Yamamoto, Y., and Takahashi, K. (1993). Glutathione peroxidase
isolated plasma reduces phospholipid hydroperoxides. Arch.
Biochem. Biophys. 305, 541–545.
21. Rossjohn, J., McKinstry, W.J., Oakley, A.J., Verger, D., Flanagan,
J.U., Chelvanayagam, G., Tan, K.-L., Board, P.G., and Parker,
M.W. (1998). Human theta class glutathione transferase: the
crystal structure reveals a sulfate-binding pocket within a buried
active site. Structure 6, 309–322.
22. Jemth, P., Stenberg, G., Chaga, G., and Mannervik, B. (1996).
Heterologous expression, purification and characterization of
